Poly(N-vinylpyrrolidone (PVP) capped platinum and rhodium nanoparticles (7 -12 nm) have been studied with UV-VIS, FTIR and Raman spectroscopy. The absorption bands in the region 190 -900 nm are shown to be sensitive to the electronic structure of surface Rh and Pt atoms as well as to the aggregation of the nanoparticles. The behavior of surface Rh and Pt atoms with ligated CO and amide groups of pyrrolidones resemble that of surface coordination compounds.
Introduction
Poly(vinylpyrrolidone) (PVP) is used extensively as a flexible membrane for stabilizing metallic nanocrystals with varying size and shape [1] . The application of Pt-PVP and Rh-PVP nanoparticles in catalytic reactions has recently offered promising new opportunities to create tailored catalytic systems [2] . The knowledge of the structure and properties of the interface between the capping agent and the metal surface is critical for understanding nanoparticles role in catalytic reactions, since capping agents can stabilize specific 2 electronic states of the surface atoms, thus creating specific catalytic active sites. A routine procedure used to activate heterogeneous catalysts is redox cycling treatment of the catalysts at elevated temperatures. This may induce changes in the electronic structure of metallic atoms, the size and shape of the nanoparticles, the chemical state of the capping agent, and in the area of metallic surface that is accessible to the reactants. To minimize temperature effects and retain the shape and size of Pt-PVP and Rh-PVP nanoparticles, temperatures usually do not exceed 100º-300 ºC. However, in this temperature range capping agents can be decomposed, especially in reactive media such as O 2 and H 2 . It should be noted, that treatment of organic stabilizer in ozone-reach atmosphere is promising option for removing the capping agent at low temperature [2a] .
In this paper, we report a study of the structure and stability of pure PVP and PVPcapped Rh and Pt nanoparticles using in-situ spectroscopic measurements. UV-VIS spectra reveal that the charge-transfer (CT) band (330 nm) and optical surface plasmaresonance absorption (245 nm), are surface sensitive. The intensity of the CT band shows sensitivity towards the electronic structure of Pt and Rh atoms on the surface as well as the aggregation of the nanoparticles, whereas optical plasmon band appears only for aggregated nanoparticles. FTIR-DRIFT studies as a function of temperature found that the decay of the inner PVP capping layer, which is bonded to the surface metal atoms, begins ~100 ºC lower than the decay of the outer unbound PVP capping layer or of pure PVP. Carbon monoxide chemisorbed on the surface of metal nanoparticles shows subtle IR changes that are a result of donor-acceptor interactions between polymer amide groups and surface metal atoms. Formation of some intermediates that form during the degradation of capping PVP on Pt and Rh as the temperature is increased was detected in 
Experimental Section
Chemicals. Rhodium (III) acetylacetonate (Rh(acac) 3 , 97%), Platinum (II) acetylacetonate (Pt(acac) 2, 97%), 1,4-butandiol(99%), poly(vinylpyrrolidone) (PVP, Mw=55K), and acetylacetone (Hacca, 99%) were purchased from Aldrich and used as received. All solvents (acetone, ethanol, hexane and chloroform) were analytical grade and used without further purification.
Synthesis of Pt and Rh nanoparticles. For synthesis of PVP capped Rh
nanoparticles we use 0.25 mmol Rh(acac) 3 with 2.5 mmol of PVP dissolved in 20 ml of 1,4-butanediol [3] . The stock solution was heated to 140 ºC in a Glass-Col electromantle (60W; 50ml) and was evacuated at this temperature for 20min to remove water and oxygen under magnetic stirring, resulting in an optically transparent orange-yellow solution. The flask was then heated to the desired reaction temperature, between 170 and under an Ar atmosphere. During the reaction, the color of the solution gradually turned from orange-yellow to black. When the reaction was complete, an excess of acetone was poured into the solution at room temperature to form a cloudy black suspension. This suspension was separated by centrifugation at 4200 rpm for 6 min, and the black product was collected by discarding the colorless supernatant. The precipitated Rh nanoparticles were washed with acetone once and then redispersed in ethanol in three-necked flask at 4 room temperature. Platinum nanoparticles were prepared by using the same method, but instead using 0.1 mmol Pt(acac) 2 with 1 mmol PVP dissolved in 20 ml of 1,4-butanediol as starting materials. TEM analysis of the Rh or Pt nanoparticles analysis was carried out with a Philips FEI Tecnai 12 transmission electron microscope operated at 100 kV. The average size of Pt nanoparticles was 12 ± 3 nm and 8 ± 2 nm for Rh nanoparticles ( Figure   1 ).
Spectroscopic Characterization
UV-VIS. Optical properties of Pt and Rh nanoparticles were characterized using a UV-VIS spectrophotometer, Perkin-Elmer, LAMDA 650 (190 nm-900 nm). Spectra were taken of drop casted films deposited on a quartz window in transmission or Al-foil in reflectance with an integrating sphere of 60 mm in diameter coated with spectralon .
The morphology of Rh-and Pt-PVP nanoparticles deposited on Si-wafers was characterized with SEM using a Zeiss Gemini Ultra-55 analytical scanning electron microscope, before and after heating in air.
FTIR-DRIFT spectra were measured with a Nicolet Nexus-670 spectrophotometer with integrated diffuse reflectance optics (Spectra-Tech Collector II). The improved spectra could be obtained by using a thin layer of PVP/Pt or PVP/Rh deposited on aluminum foil.
Since the layer thickness can be adjusted so as to render the sample partially IR transparent, we were able to optimize the ratio of diffuse to specular reflectance and obtain spectra of similar quality compared to those measured in transmission mode [4] .
The temperature/vacuum chamber Spectra-Tech 0030-101 was used for in-situ FTIR measurements in 5% H 2 balanced with N 2 and pure O 2 flow, or a static CO atmosphere.
An oil-free Alcatel Drytel 34 turbo-pump station was used for sample evacuation.
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The deep UV-Raman spectroscopy system was described in detail elsewhere [5, 6] . A continuous wave (cw) intracavity double argon ion laser operating at 244 nm is used as the excitation source. Backscattered light was collected and directed to the triple spectrometer Spex 1877C, which was optimized for performance in the deep UV region.
Spectra were recorded with an LN 2 -cooled, UV-enhanced CCD camera. The instrument dispersion is 2.1 cm -1 /pixel; the typical resolution was 12 cm -1 .
To eliminate decomposition of Pt and Rh-PVP samples under UV irradiation we used a custom designed rotating sample holder (400-1200 rpm) equipped with a second motor for lateral translation (240 rpm). In this manner, the laser beam was XY-rastered over the entire sample (deposited on Al-foil) decreasing the UV exposure in a given spot by 10
when compared with a static sample holder. Typical collection times were 5-30 min, using 3-5 mW of 244 nm excitation energy. GRAMS/AI and Omnic software from Thermo Galactic was used for processing FTIR-DRIFT and UV-Raman spectra.
X-ray diffraction patterns were measured on a Bruker D8 GADDS diffractometer using Co Kα radiation (1.79 Å). XRD samples were prepared by depositing the nanoparticles on a glass plate. Different chemically-inert supporting materials were used for characterization of the metal nanoparticles: quartz windows for UV-VIS transmission;
Al-foils for UV-VIS reflection and FTIR-DRIFT; glass plates for XRD and Si-wafers for SEM.
RESULTS and DISCUSSION

UV-VIS spectra of Rh-PVP and Pt-PVP
Recently, UV-VIS absorbance spectra for Rh-PVP nanoparticles in solution have been presented in [7] . We have taken the UV-VIS spectra of PVP, Rh-PVP, and Pt-PVP as: i) 6 absorbance of a homogeneous solution, ii) absorbance of a drop-cast film deposited on a quartz window, and iii) reflectance of a film deposited on aluminum foil in the region of 200-900 nm. The UV-VIS spectrum of PVP has a narrow intense band at 200 nm, which may be assigned to n π π π π* transitions between the oxygen lone pairs and the vacant π π π π*-orbital of the pyrrolidone ring ( Fig. 2A) . The absorbance spectra of PVP are very similar for cases i and ii. In the spectra of Rh-PVP and Pt-PVP, along with the n π π π π* band at 200 nm, new bands appear near 330 nm and 300 nm respectively, which may be assigned to charge-transfer transitions of an electron excited from the carbonyl lone pair to a vacant d-orbital of the metallic nanoparticles (Fig. 2B) . Thus, the spectra of Rh-PVP . This interpretation of UV absorption spectra of Rh-PVP and Pt-PVP is in good agreement with our recent observations of CT-SERS effects for these nanoparticles by deep UV Raman [5, 6] . It was found that the UV-VIS spectra of nanoparticles differ substantially depending on the sample aggregation. The aggregation causes multiple scattering and changes the spectra depending on the mode of measurement (transmission or reflection) [8] . As seen in Figures 2B and 2C , the ratio of n→ → → → π π π π* band to that of the CT band for a homogeneous EtOH solution is higher in transmission than for a drop-cast film deposited on Al-foil in reflection. This is a result of multiple scattering of light on aggregated Rh-PVP nanoparticles. The thicker the layer of Rh-PVP on Al foil, the stronger is the CT band at 330 nm relative to the intensity of the n→ → → → π π π π* band at 200 nm ( Figure 2C ). The contribution of multiple reflections from the 7 surface of metallic nanoparticles in thick films increases due to the aggregation of nanoparticles, leading to substantial increases in CT band intensity. The thickness of drop-cast layers was estimated from the Fabry-Perot fringe separation that arise from the interference between beams transmitted and partially reflected at the film-quartz interface shown in the insert in Figure 2D . The effective thickness of drop-cast films under study was in the range 1.5-5µm , calculated using the
, where ∆m is the number of fringes, ∆ν if is the wavenumber difference between the initial and final fringe, and Θ is the angle of incidence [9] . The value of the refractive index n for Pt-PVP and Rh-PVP layers was taken as 1.5.
Influence of temperature on UV-VIS spectra. Rh 
. At 170°C the intensity of charge-transfer bands slightly decreased due to reduction of Pt/Rh atoms on the surface of nanoparticles, since the interaction of a carbonyl group of PVP and Pt/Rh atoms on oxidized metal nanoparticle surfaces is stronger than on the reduced surfaces [5, 6] . UV-VIS spectra were also studied for dropcasted samples deposited on a quartz window and subjected to heating in air in the temperature range 20°-550°C. Recently it was shown that during the oxidation of Rh 8 nanoparticles in air at elevated temperatures, both the decomposition of the PVP layer and the oxidation of rhodium atoms on the surface to form a RhOx layer occur [10] . Pt nanoparticles (with diameters > 3 nm) are more stable towards oxidation and produce only a single oxide layer of PtOx [11] . As can be seen in Figure for Pt and Rh, respectively, after heating to 450 °C (Table 1) . nm Pt and 5.5 nm Rh nanoparticles form 50-80 nm aggregates ( Figure 4 ). To gain insight into how aggregation changes the optical properties of the nanoparticles, backward scattered light of Rh-PVP deposited on a quartz window was measured using an integrating sphere. In this experimental configuration, the sample is placed on the port of the integrating sphere and a black absorber behind the sample is used to minimize the contribution of specular reflection and transmitted light ( Figure 5A , 5B). The reflectance spectrum is shown in Figure 5C . The pronounced absorption peak at 244 nm may be assigned to the optical plasma-resonance absorption of Rh-aggregates. Recently the optical properties of metallic Rh [12] and metallic-island Rh films [13] were studied.
Features were observed at 1.1 eV (1128 nm), 2.68 eV (463 nm) and 5.8 eV (214 nm) in reflection spectra of the polycrystalline samples, which were interpreted as interband transitions [12] . The transmittance spectra of Rh island films with different particle diameters in the range of 55 -280 nm exhibit bands at 2.15 eV (577 nm), 3.5 eV (355 nm) and 6.1 eV (203.5 nm). The dominant band at 3.5 eV (diameter ~ 280 nm) was assigned to the optical plasma-resonance absorption [13] . The position of UV-VIS bands for Rh island films and for Rh nanoparticle aggregates that formed at high temperature in air are surprisingly close, even though the surface of Rh aggregates is covered by rhodium oxide. It is worth noting that 38 nm diameter Pt and Pd particles are characterized by optical plasmon resonance absorptions [14] at the same wavelength as those of the plasmon band for Rh aggregates. The effective size of our Rh nanoparticle aggregates was estimated from the optical plasma -resonance absorption using the 10 dependence of optical plasma resonance on the size of Rh islands as determined by Anno [13] (Fig 6a) . and Rh atoms on the surface of nanoparticles with ligated pyrrolidone rings and carbon monoxide behave similarly to coordination compounds [19] .
CO adsorption on Rh-PVP and Pt-PVP after RedOx treatment.
The dependence of CO band intensity vs. reduction temperature of Pt-PVP and Rh-PVP in an excess of gas-phase carbon monoxide was studied. The samples were first subjected to reduction for 10 min in H 2 flow at temperatures ranging from 50 to 300 °C. Then the samples were pumped down to ~10 -4 torr at room temperature and then repressurized with 260 ± 5 torr of CO and the FTIR spectrum measured. Thereafter oxygen was flowed at 30 °C over the sample to remove adsorbed carbon monoxide and this procedure was repeated with the same sample for treatments at 50, 100, 150, 200, 250 and 300 °C.
It was found that about 25 min was necessary to reach saturation of the CO band intensity. Figure 9a shows that for Rh-PVP + CO, the shape of carbon monoxide bands The data for Rh-PVP is summarized in Figure 10 . Capping PVP is more stable in hydrogen than in oxygen (Fig. 10 a, b) . In reducing conditions Rh-PVP loses carbonyl and CH groups starting at 220 °C and the ratio of integral intensities >C=O/CH increases (Figure 10 a, c) . As can see in Figure 10c , the spectra of initial product at 30 °C and those of the residual at 220 °C are very close, which means that the capping PVP (55 K, MW) releases low molecular weight fragments. Noticeable decomposition of capping PVP in oxygen starts at 170 °C and ratio >C=O/CH has a maxima near 260 °C, which reflects appearance new of oxygenates with carbonyl bands at 1718 and1780 cm -1 ( Fig. 10 b, d ).
The decrease of the aliphatic CH band intensity relative to that of the >C=O band of the 16 pyrrolidone rings demonstrates that during heating of Rh-PVP, the aliphatic units of the backbone undergo thermal degradation, probably due to dehydrogenation (Scheme 2).
Scheme 2
Additional evidence in favor backbone dehydrogenation may be seen in the spectra of Rh-PVP at temperatures above 180 °C (Figure 11 ). An absorbance at 1590-1610 cm -1 appears and shifts to lower frequencies with increasing temperature. This band may be assigned to the C=C stretch of polyene sequences [17] (Figure 11 a, b) . The band at 1610 cm -1 also appeared in oxidizing environments for pure PVP, Rh-PVP, and Pt-PVP, but at different temperatures. In Fig. 11c one can see the appearance new bands at 3340, 3080, 2230, 2157 and 1590 cm -1 at high temperature. IR peak assignments is presented in Table   2 for residual products formed at 280 °C (ramp 3.2 °C /min) from pure PVP and Rh-PVP in O 2 flow. As seen in Fig. 11 and Table 2 
It is believed that the differences between the spectra of pure PVP and those of Rh-PVP residual products originates from active oxygen attack (O2 spill-over from Rh surface) of Rh-PVP, and from the fact that drop-casted layers of Rh-PVP after high-temperature treatment in O 2, transform into a thin layer of residual products bonded to the surface of rhodium nanoparticles. The residual products of deposited on Al-foil PVP degradation 18 bond to the surface of Al 2 O 3 . The FTIR spectra of the residuals also reveal some absorption bands similar to those that appear in the spectra of residual non-volatile char formed during the process of thermal degradation of polyamide [21] . PVP is an addition polymer that has aliphatic hydrogen atoms along the backbone that are easily transferred following homolytic bonds cleavage in the temperature range of 200°C -300°C [22] . One may speculate that above 250°C, capping PVP transforms into a polyamide-polyene structure.
We measured the deep UV-Raman spectrum of the non-volatile char that formed from
Rh-PVP and Pt-PVP deposited on Al-foil after oxidation in O 2 and after reduction in H 2 (heating to 300 °C, 3.2 °C/min). It was found that in the Raman spectra of both chars (Rh and Pt nanoparticles) intense and broad peaks appear at ~1595 cm -1 and ~1380 cm 
